The first attempt to apply a mathematical framework to thermocapillary flows is attributed to the article written In a course of this translation, a substantial amount of historical work was done. We deeply appreciate Sergey A. Fedosov, Alexey V. Belyaev, and Igor Yu. Makarikhin for their generous help in obtaining the important documents. We are also indebted to Michael Köpf for critical reading of this translation.
Mechanical motion (convection) appears in a nonuniformly heated liquid because its density depends on temperature 1) . This flow causes the liquid to self-mix unifying the temperature field. The convective flows are addressed in a series of papers recently published [1] . When the liquid has an interface, besides the convection, a different kind of a motion can appear. The origin of this motion is a gradient of the surface tension 2) . Similarly to the electrocapillary motion, one can call this new motion a thermocapillary motion. In the present paper we consider two classes of thermocapillary motion: motion of a liquid in an open container and motion of a liquid drop suspended in another liquid.
Motion of liquid in a flat open container when a temperature gradient is applied along the liquid interface
Considering the motion of liquid in a flat container let us assume that width and length of the container are sufficiently larger than its depth. This assumption reduces considerably the complexity of equations of liquid motion. The Here F is an external body force 3) . Let us introduce an origin of coordinate system on the interface of liquid. The x-and y-axes are applied along the container length and width, respectively, the z-axis is directed from the liquid interface down to the bottom of the container. We assume a constant temperature gradient is applied along the x-axis, giving us v y = 0.
We will also neglect the convective flow because the depth of the container is smaller than its length. Feasibility of this assumption and the limitations which it causes for the theory will be addressed below. Now, since we disregarded the convective motion, then far away from the container walls v z = 0. Further, the term ∂v x /∂x ∼ v x /l (l is the container length) is much smaller than ∂v x /∂z ∼ v x /h (h is a depth of the container) and can be omitted, too. As a result of this simplifications, the system (1) is reduced to only two equations. The first one is
Liquid in the container is dragged by the moving surface layer, then it returns backward due to the container walls causing the appearance of a pressure drop along the xaxis. The second equation is
After integrating this equation the solution is
Now we will define the boundary conditions for Eq. (2). First, on a solid boundary the liquid velocity vanishes, it gives us a first condition
Second, on a free liquid interface the components of a viscous-stress tensor are continuous. Since v y = v z = 0, then only the one tensor component p xz is essential for us while the others are either equal to zero or are not important at all. The continuity of p xz results to the second boundary condition
where σ is the surface tension. Besides the boundary conditions, the solution of Eq. (2) should meet an additional condition representing the fact that the average velocity over the container cross section equals to zero:
With due account of relation (4), equation (2) is easily integrated. Indeed, substituting Eq. (4) in Eq. (2) we have
Since p 1 (x) does not depend on the coordinate z, the solution of Eq. (2) is
Applying the boundary conditions we have
and finally the expression for the velocity is
Applying this formula to condition (7) gives dp 1 (x) dx = 3 2h
and for the pressure in the liquid we have
where the constant p 0 cannot be found because the pressure in liquid is always defined to the extent of an additive constant. Finally, it gives us the velocity function in the liquid
or
The profile of the velocity field is shown in Fig. 1 . One can see from Eq. (10) that velocity of the liquid reaches its maximum on the liquid interface
Since dσ/dT < 0, therefore along the interface, the velocity direction is opposite to the temperature gradient. If one compares the expression for the maximal velocity of the thermocapillary flow 4) against the expression for the characteristic velocity of the convective flow, introduced below, then one may think that the convective flow could be simply disregarded for the condition of large container depth h. However, it is not the case. In fact, formula (11) cannot be used for any size of the container. Indeed, in the momentum equations we have neglected the term
Substituting Eq. (11) into the last expression, we have a validity criterion for the developed theory:
When this inequality is not valid, our theory is not valid too. Thus, we cannot argue that if the depth, h, of the container is large enough, then velocity of the thermocapillary flow overcomes velocity of the convective flow. One would also think that with unlimited growth of both sizes h and l, the thermocapillary velocity could exceed its convective value, however it is not the case as well. There are two restrictions regarding this way. a) The temperature gradient is constant for any size of the container. In this case, the temperature difference ∆T over the container is ∆T = T − T 0 = ∇T l ∼ h 3 , and the convective velocity 5) grows much faster than the thermocapillary one because the former depends on temperature difference ∆T and not on temperature gradient.
b) The temperature difference is constant. The expression for the maximal thermocapillary velocity can be rewritten as
Consider the estimate most favorable for the thermocap-
Then we have
Thus, the maximal velocity increases with growth of the temperature difference and temperature coefficient of surface tension and decreases with the growth of viscosity and density. This is obvious. The most important result is the dependence of maximal velocity on the container size l. It is seen that under fixed temperature difference the maximal velocity of thermocapillary flow decreases with growth of l.
Assuming the following values for the parameters µ = 0.01 P, dT /dx = 0.1 K/cm, h = 3 cm, dσ/dT = −0.15 erg/(cm 2 K), involved in the thermocapillary velocity expression, we calculate the maximal velocity value v x, max = 1.1 cm/s 7) .
Let us compare this estimate with the value of the convective velocity at the same conditions. The expression for the convective velocity has a form [1]
where δ is the boundary layer thickness, x ≤ δ and
6) a limit of validity for the theory (KM & SB).
7) The aforementioned part of the article is identical to the text in the PhD thesis [3] of Fedosov and to the part of the chapter 'Thermocapillary motion' of the book [4] . Fedosov's next consideration (the text in between two markers and ) of the convective contribution is not applicable to the given problem. As it was shown by Birikh [5] , for a thin layer the convective contribution can be found analytically in the same way as the thermocapillary one. The later prevails for layer with thickness < 1 ÷ 2 mm, see details in [5] (KM & SB). Here g is the gravity, T 1 and T 0 are the temperatures of the wall and far from the wall, respectively, ν is the kinematic viscosity, γ is the thermal diffusivity, z is the nontrivial coordinate of a flat boundary layer. Since Ref.
[1] does not provide an explicit expression for the convective velocity outside the boundary layer, we have to compare liquid fluxes rather than velocities:
Substituting here u z and δ we find
The corresponding relation for the thermocapillary flux equals
Using the values of parameters mentioned above and ρ = 1 g/cm 3 , T 1 − T 0 = 1 K, T 0 = 300 K, we obtain the following estimates for both flows: J conv = 0.23 g/(cm·s) and J th−cap = 0.5 g/(cm·s). Thus, the thermocapillary mass flux proves to be prevailing over the convective one. Note, the given estimates are true for fairly large temperature gradients 10) . If the temperature gradient was of the order of 0.01 K/cm 11) , our conclusion would be changed to the opposite one and now the convective flow would dominate. Thus, one can conclude that the thermocapillary motion is negligible in all practically interesting situations. However, this is not true for some experiments where the heating of liquid is caused by applying the light on its surface. In this case a liquid is heated in a very thin layer near the free surface. For the considered termocapillary problem, this 'skin layer' doest not mean anything because the thermocapillary velocity depends on the total thickness of the liquid layer. For the convective flow, however, this 'skin layer' has a principal meaning because it is a variable in the velocity expression. For the lower values of the 'skin layer' ∼ 1 10 of the total thickness of the liquid layer, the thermocapillary flow dominates again. At lower values of the 'skin layer' just the convective flow becomes negligible.
9) The relevant consideration of the convective term has been done in [5] . There was found that the convective flux (or velocity) Jconv ∼ Gr ∼ h 4 (Gr is Grashof number), whereas the thermocapillary flux J th−cap ∼ Mg ∼ h 2 (Mg is Marangoni number). In the case of sufficiently thin layer, the thermocapillary flow always prevails (see details in [5] ). Fedosov's estimate proves to be a fourth root of the correct one, Jconv ∼ Gr 1/4 (KM & SB). 10) dT /dx = 0.1 K/cm (KM & SB). 11) e.g., more realistic for the long and shallow containers than the one above (KM & SB).
Motion of a drop in viscous medium due to temperature gradient
Let us consider now the problem of motion in a temperature field of a liquid drop suspended in another liquid. Because of the temperature difference at different points of the drop surface, the later cannot remain at rest. Instead, it will move from the warmer regions with the lower surface tension toward the colder regions with the higher surface tension. In the same moment the moving drop will drag the surrounding liquid medium by applying some force to it. There will also be an equal force in opposite direction which the surrounding medium will apply onto the drop. This reactive force will cause a drop movement in the direction of the temperature gradient.
Let us estimate the order of the thermocapillary velocity of the drop. The characteristic force applied per unit length of the nonuniformly heated surface is of the order of dσ dT ∇T . This force is balanced by the viscous forces
Therefore we obtain
The exact value of the thermocapillary velocity can be found by solving the hydrodynamic equations with the appropriate boundary conditions. We will use the hydrodynamic equations within the Stokes approximation, because in all practical cases both the thermocapillary velocity and the Reynolds number are small
Here and below the variables with primes denote the liquid domain of the drop, while the variables without primes relate to the surrounding liquid. Let us consider the problem in the polar coordinate system attached to the moving drop and with the origin in the drop center. We chose the polar axes along the temperature gradient. The velocity is defined to be positive when it is directed along the polar axis. The boundary conditions far from the drop are
At the drop surface the following components of the stress tensor are continuous 
In addition, at the drop surface the following conditions are true
rθ with the obvious substitutions of unprimed functions by their primed counterparts. Because of the uniaxial symmetry of our problem, the velocity component v ϕ = 0 and all the variables of the problem are independent on the azimuthal angle ϕ. The surface tension is a part of boundary conditions and depends on the distribution of temperature on the drop interface.
We assume that the motion of the drop does not affect the distribution of temperature in the surrounding liquid, because the drop moves very slow. The temperature inside the drop is as if the drop had stayed at its particular location long enough. In addition, we assume the temperature gradient to be constant. Therefore the temperature distribution in both the drop and the surrounding liquid is described by the expression
where, T c is a temperature in the center of the drop. T c is a function of time
Here T 0 is temperature in the center of the drop for initial drop position and t is time. We also assume that the motion does not affect the drop spherical shape. Later, we will consider the feasibility of this assumption as well as its limits. When the above assumptions are true, one can take the first spherical harmonic functions as a solution for the hydrodynamic equations [2] .
The gradient of the surface tension caused by the inhomogeneous temperature on the interface is an origin of the motion on the drop surface. One can find the surface tension as a function of the angle θ using the following expression
As a first approximation, one can assume that the derivative dσ/dT does not depend on temperature and therefore on angle θ. In this case, taking into account Eq. (18) one finds the surface tension
Now we insert the last expression to the boundary conditions (16) getting seven equations to obtain the eight constants a 0 , b 0 , a 1 , b 1 , a 2 , b 2 , b 3 , u  14) . As usual, one constant cannot be defined, so let us set a 0 = p 0 , where p 0 is a pressure in the center of the drop. The other constants are:
The motion of liquid outside and inside the drop are described, correspondingly, by the following equations:
Velocity u (this is velocity of the liquid at infinity) is opposite to the temperature gradient because of the relation dσ/dT < 0 . Velocity of the drop is −u, it is aligned along the temperature gradient. Thus, the drop moves from the cooler layers of liquid to the warmer ones. It is apparent that this motion promotes the temperature leveling-off. Let us compare the thermocapillary velocity of the drop with a maximal velocity of the thermocapillary flow in the container 
0.1 K/cm, dσ/dT = −0.015 erg/(cm 2 ·K) in the drop velocity expression, then one can estimate the drop velocity u = 2 · 10 −4 cm/s 15) . We have mentioned above that assumption of the constant spherical shape of the drop should constrain our theory. Let us consider this constraint now. We believe that the drop keeps its shape nearly spherical when the surface tension on the drop interface is nearly constant, i.e., |σ − σ π/2 | ≪ σ π/2 , where σ π/2 is the surface tension on the drop's equator and σ is the surface tension in the any other point of the drop interface. Assuming this we can write (dσ/dT )|∇T |a/σ π/2 ≪ 1 .
To make clear in which parameter regions our theory is applicable, let us consider a numerical example. The equator's surface tension depends on the equator's temperature, however, it is not significant regarding our estimate of the theory's validity. Therefore for the values of the parameters given above we have |∇T |a ≪ 50 K . This inequality requires the temperature change along the drop perimeter to be less than 50 K. It is clear that this inequality is almost always true. Indeed, for |∇T | = 0.1 K/cm we should require the following inequality a ≪ 5 m to be true. It is obvious that all drops in real experiments satisfy this condition. One can show that the thermocapillary drop velocity can overcome (and sometimes, for some cases does so significantly) the electrocapillary drop velocity for weakly conductive drops.
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